Objectives-To assess lung respiratory movement ("lung sliding") in dogs using Bmode ultrasonography (US) and to develop a method that assesses adhesions between the parietal pleura and the lung.
T
here is a high incidence of pleural adhesions after thoracic surgery and in thoracic diseases such as lung cancer 1 and lung abscesses. 2 Although it is uncommon for pleural adhesions to cause organ disorders in humans, 3 increased risk during thoracotomy is one of the major problems in patients with pleural adhesions. Specifically, it has been known in humans for many years that a prolonged duration of surgery, increased blood loss, a poor field of view, and pulmonary vascular injuries occur as a result of postoperative adhesions between the thoracic wall and the lung. [4] [5] [6] [7] [8] Thoracotomy is also performed in dogs to treat various conditions such as mitral regurgitation, 9 pericardial effusion, 10 lung tumors, 11 and lung lobe torsion. 12 As members of a family, dogs have come to undergo advanced medical treatments, and in our experience, an increasing number of thoracotomies are predicted in dogs Videos online at jultrasoundmed.org with pleural adhesions in the future. Preoperative identification of the presence and location of pleural adhesions is essential for a safe approach to canine thoracotomy. A minimally invasive approach such as video-assisted thoracic surgery has also become popular in the veterinary field, 13, 14 and the preoperative detection of pleural adhesions is extremely useful, since it is crucial to ensure the surgical field of view in this procedure. 15 Some of the desired features of a procedure for detecting these pleural adhesions include minimal invasiveness, high safety, and simple yet convenient operability. One of the useful methods for detecting pleural adhesions in humans is computed tomography (CT). 16 This method uses a computer to process tomographic images, allowing for 3-dimensional visualization of the intrathoracic condition. However, there are several issues with CT examinations. Reports have shown that human patients, as well as some dogs, with a history of interventional vascular embolization (coils) are at higher risk of an inaccurate diagnosis as a result of metal artifacts. 17 Computed tomography has also been reported to cause pacemaker malfunction in humans, 18 and this complication may occur in veterinary medicine. Second, CT scanners are unfamiliar to primary veterinary care facilities, and facilities that can own such equipment are limited. Even for facilities with CT scanners, proper interpretation of the results requires extensive training.
Ultrasonography (US) is another method that can be used for the assessment of pleural adhesions in humans. 19 It has been reported to be safe, effective, costeffective, and particularly useful in preoperative examinations for video-assisted thoracic surgery in humans. 20, 21 In addition, the adhesions can be evaluated with B-mode imaging only, without the Doppler function, and US is available at primary care facilities and small clinics. Furthermore, advanced interpretation skills are not necessary, since US is only used to confirm the presence or absence of lung sliding. However, the US method for identifying human pleural adhesions cannot be applied directly to dogs because of differences in the shape of the thorax between dogs and humans.
In this study, lung respiratory movement ("lung sliding") was examined in dogs by using B-mode US, and a method for assessing adhesions between the parietal pleura and the lung (pulmonary pleura), adjusting for the shape of the canine thorax, was evaluated. The results and the effectiveness of lung US are presented. First, lung US was performed under general anesthesia, followed by thoracotomy. Two weeks after thoracotomy, lung US was repeated under general anesthesia. Subsequently, the animals were euthanized, and thoracotomy was again performed to determine the status of pleural adhesions. The detailed procedure is described below.
Materials and Methods

Animal Preparation
Seventeen male beagles (Toyo beagles; Kitayama Labs, Nagano, Japan) were used in this study.
Anesthesia
The animals were given cefovecin sodium (8 mg/kg subcutaneously; Convenia; Zoetis Japan, Inc, Tokyo, Japan) to prevent infection and buprenorphine (0.02 mg/kg subcutaneously; Buprenorphine for injection, 0.2 mg; Nissin Pharmaceuticals, Tokyo, Japan) for analgesia. Subsequently, the animals were pretreated with atropine sulfate, butorphanol tartrate (0.2 mg/kg intravenously; Vetorphale R; Meiji Seika Pharma Co, Ltd, Tokyo, Japan), and midazolam (0.2 mg/kg intravenously; Midazolam injection; Sandoz, Tokyo, Japan), followed by propofol (6 mg/kg intravenously; Mylan; Mylan, Inc, Tokyo, Japan) for induction of general anesthesia. After tracheal intubation, anesthesia was maintained with isoflurane inhalation (1%-2% isoflurane for animals; Intervet K. K., Tokyo, Japan). Respiratory management was performed with intermittent positive pressure ventilation through an artificial anesthesia device. During lung US examinations, the inspiratory pressure was set at 20 mm Hg to induce exaggerated respiration under forced ventilation, with a respiratory rate of 12 breaths per minute and an inspiration-expiration ratio of 1:1 but without positive end-expiratory pressure.
Ultrasonographic Scanning
Lung-sliding assessments and adhesion examinations were performed with lung US. This method has been patented in Japan (patent 6115958).
After anesthesia induction, a lung US examination was performed in a general operating room. The presence or absence of adhesions was determined noninvasively on an F75 US system (Hitachi Aloka Medical, Ltd, Tokyo, Japan) equipped with a linear transducer (Hitachi Aloka UST-5412, center frequency of 12 MHz, adjustable frequency range of 10-14 MHz). To examine pleural adhesions on the left side, the animal was placed in a right lateral recumbent position and shaved from the 1st to 13th ribs on the left thoracic wall. Similar to a previously reported method, 22 ,23 B-mode imaging was used, and the transducer was pressed perpendicularly to the left thoracic wall such that the reference marker faced the caudal side. The transducer was kept in a fixed position when placed on the chest of the dog. To examine adhesions on the right side, the animal was placed in a left lateral recumbent position, and the transducer was pressed perpendicularly to the right thoracic wall in a similar manner as above (Figure 1) .
The sites observed were the third to sixth intercostal spaces of the thoracic wall on both sides at the dorsal line (at the kidney level) and at the ventral line (5 cm dorsal to the costochondral joint). A total of 16 sites (8 on each side) per animal were examined.
The pleural movements of 2 consecutive respirations were recorded as still images and videos. The presence or absence of adhesions was determined on the basis of the presence or absence of sites that showed disappearance of respiratory movement (lung sliding) of the parietal pleura and visceral pleura. Lung sliding was checked at every intercostal space. Lung sliding was scored on a 4-level scale based on the percentage of the total area that showed lung sliding (3, lung sliding observed in roughly 80% of the total area of the intercostal space [Video 1]; 2, movement observed in about 50% of the total area of the intercostal space; 1, movement observed in a small area of the intercostal space [Video 2]; or 0, movement absent). For example, when the fourth intercostal space was checked at the dorsal line, the transducer was kept fixed in the fourth intercostal space at the kidney level, and if movement was observed in 80% of the total area from the caudal fourth costal to the cranial fifth costal, the lung-sliding score was 3. With lung-sliding scores of 0, 1, and 2, adhesions were considered present, whereas a score of 3 was taken as indicating the absence of adhesions.
Thoracotomy
After the chest was opened with an incision of approximately 10 cm at the fifth intercostal space on both sides and the area was exposed to air for 30 minutes, an insoluble hyaluronic acid membrane was placed on the visceral pleura of the incision wound to prevent adhesions. The chest was subsequently closed by a standard method.
Necropsy
Two weeks after the initial lung US and thoracotomy, lung US was again performed under the same anesthetic conditions as in the initial thoracotomy before euthanasia. The animals were subsequently euthanized with an overdose of potassium chloride (20 mEq kit; Terumo Co, Ltd, Tokyo, Japan) under deep general anesthesia. Necropsy was performed with a median sternotomy to determine the presence or absence of adhesions in the thoracic cavity, and sites with adhesions were examined carefully.
Statistical Analyses
The presence or absence of adhesions was compared statistically by comparing the lung-sliding score of the parts with adhesions and the lung sliding score of the parts with no adhesions by the Mann-Whitney U test. The j statistic for the lung-sliding score was used for intersession and intrasession (performed by the same assessor on a different day) analyses. 
Results
Visualization of the pleural line at any examination site was possible in all dogs. Visualization of lung sliding was performed by simply pressing the transducer vertically against the intercostal region, without any additional movement or rotation (ie, it was necessary to keep it in a fixed position). The lung US findings were compared with adhesion findings at necropsy. The median lungsliding score for the 12 sites that showed pleural adhesions was 1.5. The median lung-sliding score for the 532 sites that did not show pleural adhesions was 3.0. The lung-sliding score was significantly lower in the presence of adhesions (P < .0001, Mann-Whitney U test). The sites with pleural adhesions observed on thoracotomy coincided with the sites that had decreased lung-sliding scores on lung US ( Table 1) .
The sensitivity and specificity for detecting pleural adhesions by the lung-sliding score were determined. Of the 77 sites with adhesions determined by a lung-sliding score of 2 or lower, adhesions were present in 12 sites and absent in 65 sites on macroscopic examination at necropsy. Of the 467 sites without adhesions, determined by a lung-sliding score of 3, adhesions were present in 0 sites and absent in 467 sites on macroscopic examination at necropsy. Based on these results, the US examinations detected pleural adhesions with sensitivity of 100.0% and specificity of 87.8%.
The median lung-sliding scores at observed sites without adhesions were 3.0 at the third intercostal space, 3.0 at the fourth intercostal space, 3.0 at the fifth intercostal space, 3.0 at the sixth intercostal space, 3.0 at the dorsal side, and 3.0 at the ventral side. On the intersession analysis, the j statistic for the lung-sliding score was 0.656577, and on the intrasession analysis, the j statistic was 0.866489.
Discussion
In this study, a high-frequency linear transducer was selected for visualization of the pleural line. By angling the reference mark of the transducer slightly in the dorsocaudal direction rather than straight in the caudal direction, it was easy to visualize the pleural line at the third intercostal space of the anterior chest area. Moreover, expert skills were not required for detection of pleural-line movement. This examination can be easily accomplished in a typical operating room with equipment for respiratory management with forced ventilation. The operability was straightforward, and the examination itself was simple.
With pleural adhesions, the lung sliding score on lung US decreased significantly, with sensitivity of 100% and specificity of 87.8%. These results can be explained in the following manner. Lung sliding, a term coined by Lichtenstein and Menu, 24 is observed on US as the movement of parietal pleura and visceral pleura that occurs with respiratory motion. Lung sliding could be clearly observed at sites with active pleural-sliding movements that occurred with respiration, and lung sliding decreased where pleural movement was not active, even at normal sites without adhesions. We initially postulated that decreased lung sliding would be observed more on the cranial side than on the caudal side and on the dorsal side more than on the ventral side based on the anatomic structure of the lung. However, every median lung-sliding score was 3.0 for the third through sixth intercostal spaces and for both dorsal and ventral sides. This outcome may have occurred because we evaluated the area percentage of the observed site in which lung sliding was observed rather than how many centimeters the observed site shifted in the craniocaudal direction. In other words, if at least 80% of the area within the observed site moved, then the lung-sliding score would be 3, regardless of the actual displacement distance.
There was a specific reason why the lung-sliding scores were classified by the percentage of the area that moved rather than by the distance of movement. Indeed, there was a report that measured the distance of lung-sliding movement in chest US examinations of pleural adhesions in humans. 17 However, unlike humans, dogs vary greatly in size depending on the breed, from small dogs such as chihuahuas to large dogs such as great Danes. Beagles generally have a uniform body size, and their individual differences can be negligible; however, considering the clinical application of this examination method in the future, using a classification by the percentage of the area that moved rather than by the distance of movement would be more practical and appropriate. Based on the above, our US method should be combined with other tests to make a definitive diagnosis of the presence of canine pleural adhesions.
Because it was tested only in healthy dogs of a specific breed, future investigations should conduct tests in other breeds and clinical cases. However, this method appears to be a highly effective tool for excluding canine pleural adhesions.
Ultrasonographic detection of pleural adhesions may be more useful in dogs than in humans. For detecting pleural adhesions by using lung US in humans, the sensitivity and specificity were reported to be 63.6% and 79.4% at the upper thoracic area and 81.5% and 81.0% at the lower thoracic area, 19 80.6% and 96.1%, respectively, 20 and 88.0% and 82.6%. 21 In this study, pleural adhesion examinations with lung US in dogs resulted in sensitivity of 100% and specificity of 87.8%, indicating greater sensitivity and similar specificity compared to the reports in humans. All pleural adhesions in this study developed at the fifth intercostal space along the thoracic wall incision line. The lateral thoracic wall at the fifth intercostal space is flat, allowing for relatively easy visualization of the lungs on US, and lung sliding can be examined clearly even in normal lungs at this site. This factor may have been one of the reasons why favorable results were obtained with this examination. Pleural adhesions caused by surgical damage appear at the incision line or the surgically injured site. For example, they occur between the pericardium and pleura in operations that entail pericardial resection. In this study, they appeared between the lung (visceral pleura) and the thoracic wall (parietal pleura) at the fifth intercostal space. Pleural adhesions caused by endogenous factors, such as lung cancer and abscesses, develop at these regions. In other words, for future clinical applications of this examination method, it will be necessary to verify its sensitivity and specificity in detecting pleural adhesions at sites other than the fifth intercostal space. In addition, it has been reported in humans that lung US sensitivity is lower in the upper lung region than in the lower lung region. 19 Thus, it will also be necessary to determine whether there are differences between the cranial and caudal sides in the sensitivity for detecting pleural adhesions by lung sliding in dogs. Furthermore, it will be essential to verify whether this examination method can detect canine pleural adhesions in conditions such as obesity and emphysema, which are known to hinder detection of lung sliding. 19 In addition, assessment of lung sliding could judge only the presence or absence of pleural adhesions in this study. Further study is needed to conclude that a decreased lung-sliding score can detect partial pleural adhesions.
In conclusion, our results showed that examination of lung sliding by thoracic US has high diagnostic value for detecting canine pleural adhesions and is useful for identifying adhesion sites before thoracic surgery. However, these results are limited to healthy dogs. Thus, information about the feasibility and accuracy of this technique in pathophysiologic models needs to be obtained by further research.
